In this study a robust method enabling one to compare the energy performance in different climates was developed. Derived normalization factors allow "to move" the building from one climate to another with corresponding changes in heating, cooling, and electric lighting energy. Degree days, solar-air temperature and economic insulation thickness were used to normalize space heating and cooling needs. Solar-air temperature based degree days resulted in 5% accuracy in space heating and dry-bulb air temperature based cooling degree days were trustworthy in cooling need normalization. To overcome the limitation of the same thermal insulation in all climates, an economic insulation thickness was applied. Existing and nearly zero energy requirements were contrasted in four countries with a reference office building to analyze the impacts of climate and national regulation on primary energy use. By applying standard energy calculation input data and primary energy factors from European standards to buildings with national technical solutions, nearly zero energy building requirements comparison with European Commission benchmarks was possible to conduct. Generally, in Central and North Europe comparison, national input data caused much more difference than the climate.
Introduction
The comparison of heating and cooling need in buildings in different locations is difficult because of the variations in building parameters, occupancy, thermal comfort, and climate. Applying the same measures does not ensure the assignment of similar amounts of energy savings in different climatic regions. For instance, the effect of reflective coatings on the energy needs of residential buildings were estimated and the results showed a 40% cooling load reduction in Athens, 51% in Barcelona and 59% in Nice [1] . Thus, climate shows a significant effect on the energy efficiency of buildings [2] . Many studies have reviewed energy use in buildings from different climatic regions [3, 4] . Five major climatic variables, namely dry-bulb temperature, wet-bulb temperature, wind speed, global solar radiation, and clearness index were considered and it was described how those parameters were correlated with heating and cooling needs [5] . In a similar context, a study described in [6] concluded that the energy requirements of buildings were closely linked to the climatic variables, but mainly air temperature. This study also investigated the impact of air temperature variation on another country in order to see how close the technical solutions of this building are to the energy performance requirement of that another country. Input data and calculation methodology problems can be solved with a common methodology, which is available in the form of energy performance building (EPB) standards described in the overarching standard ISO 52000-1:2017 [23] . In the case of standardized input data and the same energy calculation methodology, this problem does not exist.
Few studies are available in the literature that compare the national regulations on energy efficiency. The energy performance of Italian and Spanish buildings that were located in various climate regions was compared in [24] . It was concluded that the Italian regulations, which were valid for the year 2006, were less strict compared to the Spanish regulations. In a similar context, a comparison of Finnish, Danish, Swedish and Norwegian requirements for a detached house, apartment building and office building was conducted based on simulation results [25] . The results showed that Danish requirement for office buildings was the most stringent one, followed by Sweden, Norway, Estonia, and Finland. A simplified method was also proposed based on conversion of delivered energy requirements which considered the degree day normalization [25] . For comparison of building energy performance level in 2013, the simplified method worked with little variations compared to the simulation results, however it was stressed that the degree day normalization might not work for highly energy performing buildings.
The European Commission (EC) Joint Research Centre has recently evaluated all existing national NZEB definitions [26] . National NZEB requirements were found to be quite different in terms of numeric values, building categories to which they apply, energy flows included and renewable energy accounting, as well as national input data used for the energy calculations. Since comparison and assessment of national NZEBs is challenging, the EC has published official recommendations, EU 2016/1318 [27] , in order to ensure that it is possible to meet NZEB targets by 2020. The main recommendations reflect EC concerns about the low ambition of national NZEB targets as well as the time schedule challenge to deliver NZEB by the end of 2020. It is also stressed that national NZEB definitions should not be below the cost-optimal level of minimum requirements and proper indoor environmental parameters are to be assured to avoid deterioration of indoor air quality (IAQ), comfort, and health. EC set numeric benchmarks for NZEB primary energy use, which are discussed in Section 2.2.
NZEB buildings represent the aspect of energy performance requirement comparison for high performance buildings. Similarly, energy performance comparisons could be in the interest of investors or building owners for existing buildings at different locations. Real estate property owners often manage a large number of office and commercial buildings in different countries. They benchmark energy performance of buildings in their property stock (to decide energy performance improvement measures, renovations etc.), but benchmarking without climate normalization does not provide objective results. Another need of comparison is created by the energy performance minimum requirements which have recently changed due to NZEB, and because of different national methodologies it is not clear which countries have stringent requirements.
Such comparison needs were foreseen in the EPBD, which Article 11 proposes establishing a voluntary common European Union certification scheme for the energy performance of non-residential buildings. However, the development of this scheme has turned out to be more complex than expected and such a scheme is not yet available. This paper contributes to this topic by developing a new method enabling climate and national input data and methodology dependent comparison. In order to enable physically meaningful comparison of energy performance, the method should be able to address three major issues:
(1) To normalize space heating, cooling and lighting needs in different climates; (2) To account national methodology and input data differences; (3) To consider cost effectiveness constraints such as economic insulation thickness in different climates.
The objective of this study was to develop a reliable and robust energy performance climate correction method, which enables energy performance comparisons with acminimum amount of building specific parameters. We show the limitations of degree day normalization and an improvement through solar-air temperature degree days, which provided reasonable accuracy but assume the same thermal insulation in both climates under comparison. To conduct comparisons between two climatic zones, Oceanic and Nordic, we applied an economic insulation thickness concept that allows us to adjust insulation according to the climate. A reference office building [28] was used to analyze the 2016 (present minimum requirements) and 2021 (NZEB) building regulations from Finland (Nordic) [29] , Estonia (Nordic) [30, 31] , France (Oceanic) [32] , and Belgium (Oceanic) [33, 34] . A reference office building with economic insulation thickness and otherwise with the same technical solution was simulated with national input data. The technical solutions such as building envelope components insulation, solar system, heating, ventilation, and cooling (HVAC) system performance, etc. were selected so that the building complied with national PE requirements. Primary energy values simulated with national input data were then compared with national requirements in other countries, and if a gap existed, the technical solutions were changed to minimize the gap. The requirement of the country corresponding to the technical solutions with highest performance level express the strictest NZEB level. By applying standard energy calculation input data from European standards to buildings with national technical solutions, national NZEB requirements comparison with EC benchmarks was conducted. Developed method based on the economic insulation may be utilized in the development of voluntary European certification scheme for the energy performance.
The methodology is validated for heating dominated Central and North European climates for office buildings only. This study used the optimal insulation thickness depending on the climate but did not change anything for the cooling. The Mediterranean climate may need something similar to account in order to find out the differences in the cooling.
Methods
In this study two methods, a simple normalization factor and reference building energy simulation method, were developed and tested for energy performance comparison of office buildings in different climates. The main features of the methods are shown in Figure 1 .
In the normalization factor method energy uses of heating, cooling and lighting in one country are multiplied with normalization factors derived in this study. Figure 1a shows an example of how the energy use of a French office building can be converted to Estonia with the aim to be comparable with similar Estonian buildings. The method can be applied for metered energy data, and basically no calculations or simulations are needed.
The reference building simulation method ( Figure 1b) is a more sophisticated method where energy simulations are to be ran, but the method allows one to take into account that buildings are less insulated in warmer climates, which is not the case with the normalization factor method. In the simulation method, building envelope insulation is adjusted according to the climate, standard input data is applied and energy simulations will be run with test reference years of both locations under comparison.
This method is applied in this study for the comparison of national energy performance requirements. It should be noted that the method is limited to heating dominated climates as the building envelope insulation is the only climate dependent adjustment done. For cooling solutions no adjustments are done and therefore the method is not suitable for cooling-dominated hot climates for which further development would be needed. In the following the methods applied for heating and cooling energy normalization with degree days and to determine optimal insulation thickness in different climates are described. For the national energy performance requirements comparison, 2016 and 2021 requirements and European commission recommendations for NZEB performance levels are reported for selected countries. 
Climate Corrections
For climate correction, normalization with dry-bulb temperature and solar-air temperature degree days were applied. The latter allows one to account for the effect of solar radiation on opaque building surfaces such as roofs and walls by increasing the outdoor temperature. Solar-air temperature was calculated with following equations based on the heat flux from exterior surface subjected to solar radiation [35] : 
For climate correction, normalization with dry-bulb temperature and solar-air temperature degree days were applied. The latter allows one to account for the effect of solar radiation on opaque building surfaces such as roofs and walls by increasing the outdoor temperature. Solar-air temperature was calculated with following equations based on the heat flux from exterior surface subjected to solar radiation [35] : The equivalent changes of ambient temperature corresponding to the radiation correction are presented at the last term of Equation (4) . The value is 0 for a vertical wall and it changes up to 4.0 • C based on the inclination of the surface [35] . Total heat transfer coefficient for radiation (long wave) and convection (h o ) were estimated by the IDA indoor climate and energy (IDA-ICE) processor. The values were generated for each hour during a year. The average of h o was 12.9 W/m 2 ·K, which was varied from 10.8 to 16.4 W/m 2 ·K for the reference case. Also, a diversity of h o values was found for different climates. The solar radiation absorptivity was 0.5 in all cases. q solar , the solar irradiance on the external opaque (vertical) surfaces, was calculated from all four directions and the average value was used. In the solar-air temperature calculation, there was no attempt to predict or take into account the solar radiation penetrating through the windows. Solar gains were calculated in the dynamic simulation, but window properties do not have any effect in the solar-air temperature calculation.
To consider the climatic impact on the insulation properties selection, economic insulation thickness was estimated according to the heating degree days with the following equation [36] :
where, K v , annual cost of the wall ( A C m 2 ·a ), a n , annuity factor (-), K R , unit construction (investment)
), λ, conductivity of the material ( W m·K ), H DD , heating degree days ( • Cd), h L , heating energy cost ( A C kWh ). Annual cost for the wall (K v ) consists of the construction cost (of the wall), heating energy cost, space cost (affected by the wall thickness), and maintenance cost. All these cost terms depend on the insulation layer thickness. Based on the lowest annual cost, the optimal insulation thickness can be selected. In other words, the optimal insulation is the thickness of the insulation material that will give the lowest possible annual wall cost. To derive the equation of the optimal insulation thickness, only the thermal resistance (R) of the insulation layer was taken into account. This simplification was needed to obtain the analytical solution. Finally, the square root dependency of degree days was used to convert insulation thicknesses from one climate to another. This justified the approach, as this study were not interested on an exact U value (depending on costs) but rather in how the U value changes as a function of degree days. The minimum of the annual cost of the wall depending on the insulation thickness can be found by setting the derivative to zero: 
The reference building used in this study was the Estonian cost optimal calculation reference office building, described in [28] . It was assumed that the thermal transmittance (U value) of the reference building components was optimal, because it delivered a cost optimal energy performance for this Estonian office building. This assumption allowed us to apply Equation (10) with Estonian U-values to calculate U-values in other climate regions, which results can be seen in Table 6 . Because of the known optimal U-values of the reference building in Estonian climate, all cost related factors, i.e., annuity factor, construction cost, real estate value and maintenance cost were not needed in the analyses.
Normalized Space Heating and Cooling Needs
Normalization factors were calculated from the climate files. The base temperature was the only building specific data needed. The objective of the normalization factors is to normalize the space heating and cooling need from one climate to another. The method works if the normalized result equals to space heating and cooling need that is simulated in the other climate. Both dry-bulb outdoor air and solar-air temperature were used to calculate the heating degree days and dry bulb outdoor air temperature to calculate the cooling degree days reported in Table 7 . These Degree days (DD) were applied in Equation (11) to normalize the heating and cooling need to other climates:
where, E j, Norm , normalized energy (space heating or cooling) need in the reference climate ( kWh m 2 ·a
), E j , energy (space heating or cooling) need in the actual climate ( kWh m 2 ·a ), DD re f , heating or cooling degree days in reference climate with dry-bulb air temperature or sol-air temperature ( • Cd), DD j , heating or cooling degree days in the actual climate with dry-bulb air temperature or solar-air temperature ( • Cd).
If economic insulation thickness is applied, the same cost-benefit justified economic effort is done in insulation in all climates, which should represent equal energy performance in all countries. However, space heating needs naturally are smaller in warmer climates, despite the use of economic insulation thicknesses. The ratio of the space heating need in the case of economic insulation thickness can be used in the comparison of energy requirements:
where, HN ratio, space heating need ratio (-) ).
National Energy Performance Requirements for 2016 and 2021
The maximum primary energy (PE) requirement for office buildings is set in all countries. France and Belgium Brussels capital region have already enforced NZEB regulations for office buildings [32, 37, 38] whereas Finland, Estonia have different PE requirement for 2016 and 2021 NZEB [39] . Numerical PE indicator in kWh/(m 2 ·a) is either a fixed value or depends on location, altitude and some other parameters, Table 1 . Furthermore, the inclusion of energy flows are not similar for all countries. The PE indicators are calculated with national primary energy factors from delivered and exported energy and they may not include all energy uses in the building. For instance, in Finland energy calculation includes all energy flows (uses) in the building. National requirements are shown in Tables 1 and 2 . 
, and greenhouse potential of the fuel used coefficient M c,ges . 3 If space heating X < 15.0 kWh/m 2 a then use this equation 95 − (2, 5C) where 'C' denotes compactness. Depending on net needed energy for heating. 4 The requirement value for the reference building used in this study. According to the national regulations, the Finnish and Estonian office buildings have to comply with fixed PE value (Table 1) , which are not dependent on the geometry and location of offices. In contrast, the French regulation considers a coefficient depending the floor surface area (M c sur f ) that can influence the PE requirement [32] . However, the coefficient is zero when it is considered as the average surface area of the building or part of the building [32] . The Belgium Brussels capital regulation accounts for net heated area, heat loss area and compactness (depending on region) to determine the PE requirement.
EC Official Recommendations for 2021 NZEB Primary Energy
European Commission official recommendations, EU 2016/1318 [27] , recommend that NZEB energy performance levels for new buildings have to be determined by the best available technology introduced on the market at that time, financial aspects, and legal and political considerations at a national level. In order to make its proper ambitions transparent, the EC has set numerical benchmarks for NZEB primary energy use in four climate zones (Table 3) . Net primary energy is the primary energy from which on-site renewable energy is reduced. Default values of on-site renewables are also provided. For example, the office building value in Nordic climate 55-70 is achieved when from primary energy without on-site renewable energy source (RES) 85-100 the on-site renewable energy source (RES) 30 is subtracted. It is important to note that EC values in Table 3 do not include the appliances (small power loads), which are included in the Finnish and Estonian requirements, and therefore these are needed to be taken into account when comparing values. As a starting point, national NZEB requirements can be directly compared with EC recommendations as shown in Figure 2 . For Estonia and Finland, the contribution of appliances was deducted from the NZEB requirement shown in Figure 2 to be comparable with the EC recommendation. 
The Reference Office Building
Dynamic whole-year simulations were conducted with the well validated indoor climate and energy simulation tool IDA-ICE v4.7, developed by EQUA Simulations AB [40] . A cost-optimal Estonian reference office building ( Figure 3 ) with multiple floors and zones was used. This building is generally well insulated, equipped with heat recovery and air conditioning, the main parameters are reported in Tables 4 and 5 .
The building had a massive concrete loadbearing frame and structure. The external walls were lightweight with mineral wool, and thin boards. The external roof, floor slab, and internal ceilings were reinforced concrete slabs. The net floor area, envelope area, and window area of the reference office building model were 4451.8 m 2 , 3993.9 m 2 and 1326 m 2 , respectively. The thermal transmittance of internal floor (inside), external floor, internal wall, and entrance door were 0.24, 0.13, 0.30, 1.5 W/(m 2 ·K) in all cases.
The building was well insulated and thermal bridges were formed only due to the building geometry. The thermal bridge of external wall to internal slab, external wall to external wall, roof to external wall, external slab to external walls, roof to internal wall were 0.06, 0.03, 0,05, 0.05, 0.025 W/mK, respectively. The thermal bridge for external windows perimeter was 0.024 W/mK. Thermal bridges accounted around 9% of the total heat losses. Solar energy transmittance of windows (g value) was kept the same, g = 0.22 for all climates and buildings of 2016 and NZEB. The building leakage rate was 1.0 1/h at a pressure difference of 50 Pa for all cases.
Installed power of lighting and appliances and energy needs for domestic hot water (DHW) were taken from national regulations. References [30] [31] [32] 41 ] were used to extract information for Finland, Estonia, and France, respectively. Lighting for Belgium Brussels was estimated from [42] . Lighting power for 2016 followed the code values of Estonia, Finland and France. More efficient lighting of 8.0 W/m 2 instead of 20 W/m 2 was considered for Brussels. For 2021, light-emitting diode (LED) dimmable lighting fixture with daylight control were used for Estonia and Finland. France and Brussels kept the same lighting power as 2016. In France and Belgium Brussels regulation, energy need for appliances are not included in energy flows when calculating PE value [39] . The generation efficiency for cooling was 3.0. Radiator heating efficiency of 97%, district heating generation efficiency 100%, condensing gas boiler generation efficiency of 95% and cooling system losses of 10% were accounted in simulation. These properties were kept the same for all 2016 and NZEB simulation cases. In contrast, the specific fan power (SFP) was assumed to be 1.82 and 1.56 kW/(m 3 /s) for 2016 building and NZEB, respectively. Similarly, the heat recovery efficiency was 73.9% and 76.1%. Onsite installed solar panel system was 48 m 2 per 1000 m 2 of net floor area for the NZEB building only. Installed power of lighting and appliances and energy needs for domestic hot water (DHW) were taken from national regulations. References [30] [31] [32] 41 ] were used to extract information for Finland, Estonia, and France, respectively. Lighting for Belgium Brussels was estimated from [42] . Lighting power for 2016 followed the code values of Estonia, Finland and France. More efficient lighting of 8.0 W/m 2 instead of 20 W/m 2 was considered for Brussels. For 2021, light-emitting diode (LED) dimmable lighting fixture with daylight control were used for Estonia and Finland. France and Brussels kept the same lighting power as 2016. In France and Belgium Brussels regulation, energy need for appliances are not included in energy flows when calculating PE value [39] . The generation efficiency for cooling was 3.0. Radiator heating efficiency of 97%, district heating generation efficiency 100%, condensing gas boiler generation efficiency of 95% and cooling system losses of 10% were accounted in simulation. These properties were kept the same for all 2016 and NZEB simulation cases. In contrast, the specific fan power (SFP) was assumed to be 1.82 and 1.56 kW/(m 3 /s) for 2016 building and NZEB, respectively. Similarly, the heat recovery efficiency was 73.9% and 76.1%. Onsite installed solar panel system was 48 m 2 per 1000 m 2 of net floor area for the NZEB building only. 
Analyzed Cases and Energy Calculation Input Data
Energy performance was simulated with standard and national input data while the reference office building was moved from one to another climate region. Four cases were simulated both for 2016 and 2021 NZEB energy requirements as shown in Table 4 . EU cases used the standard prEN 16798-1:2017 [43] input data, whereas NAT (national) cases the national input data. EUna and NATna cases represent the situation where Estonian insulation thickness was applied to other countries, which means clearly over-insulating in France and Belgium. EU and NAT cases applied economic insulation thickness to avoid this problem. 
Energy performance was simulated with standard and national input data while the reference office building was moved from one to another climate region. Four cases were simulated both for 2016 and 2021 NZEB energy requirements as shown in Table 4 . EU cases used the standard prEN 16798-1:2017 [43] input data, whereas NAT (national) cases the national input data. EU na and NAT na cases represent the situation where Estonian insulation thickness was applied to other countries, which means clearly over-insulating in France and Belgium. EU and NAT cases applied economic insulation thickness to avoid this problem. Energy need was simulated according the hourly weather data in all countries. Insulation thickness and U-values are shown in Table 6 . 
Results and Discussion

Degree Days and Base Temperature
Base temperature depends on the dry bulb temperature, internal and solar heat gains, and building properties. It was estimated as a constant value at which the reference office building begins to need space heating or cooling. A dynamic whole year simulation was ran with IDA-ICE in order to determine the outdoor temperature (base temperature for heating) at which the building demanded heating power. A similar procedure was followed to obtain the base temperature for cooling. The plots of heating and cooling powers used for the base temperature estimation of the reference office building 2016 in Estonian climate are shown in Figure 4 .
The base temperature changed when the building was moved from one to another climate region. For heating, it ranged from 12-15 • C and for cooling from 14-16 • C. Degree days were calculated from hourly temperatures as a difference of ambient and the base temperature and then summed as the cumulative value of all positive values. Base temperatures were used to calculate the heating and cooling degree days from dry-bulb and solar-air temperature (Table 7) . 
Heating and Cooling Energy Normalization Accuracy in Different Climates
The energy performance of buildings located in different climates can be compared with degree day normalization if space heating, cooling and lighting energy uses are known and the occupancy patterns are similar. In the following, the accuracy of the normalization factors calculated from climate files is analyzed. The only building-specific data is the base temperature for heating and cooling. To test the accuracy, the reference office buildings with standard input data and national weather files, the cases EUna in Table 4 , were simulated. Space heating and cooling need were normalized with Equation (11) to the Estonian climate that considers both dry-bulb temperature and solar-air temperature, the actual and normalized space heating need are shown in Figure 5 .
After normalization with DD (from dry-bulb temperature in Figure 5a ), the space heating needs should be the same in all climates. In the case of France and Brussels having smaller HDD, heating needs showed up to 35% of variations compared to the Estonian case. Normalization with DD from solar-air temperature worked more precisely (Figure 5b ), providing 2% accuracy for 2021 and 15% accuracy for 2016. Therefore, the use of solar-air temperature showed clearly superior performance.
The normalization of cooling energy was split into two components because the cooling coil energy in the air handling unit (AHU) depends only on the outdoor air enthalpy, but the space cooling (room conditioning units) depends on outdoor temperature and solar radiation. Actual and normalized cooling needs for AHU cooling coil and space cooling are shown in Figures 6 and 7 . 
The energy performance of buildings located in different climates can be compared with degree day normalization if space heating, cooling and lighting energy uses are known and the occupancy patterns are similar. In the following, the accuracy of the normalization factors calculated from climate files is analyzed. The only building-specific data is the base temperature for heating and cooling. To test the accuracy, the reference office buildings with standard input data and national weather files, the cases EU na in Table 4 , were simulated. Space heating and cooling need were normalized with Equation (11) to the Estonian climate that considers both dry-bulb temperature and solar-air temperature, the actual and normalized space heating need are shown in Figure 5 .
The normalization of cooling energy was split into two components because the cooling coil energy in the air handling unit (AHU) depends only on the outdoor air enthalpy, but the space cooling (room conditioning units) depends on outdoor temperature and solar radiation. Actual and normalized cooling needs for AHU cooling coil and space cooling are shown in Figures 6 and 7 . Results show that for AHU cooling coil the accuracy is from +19 to −13%, however the absolute difference was less than 1 kWh/(m 2 ·a). The accuracy for space cooling (Figure 7a ) was less good, but absolute differences were smaller than 0.3 kWh/(m 2 ·a). As the cooling need of AHU cooling coil dominated over the space cooling, the normalization of total cooling need provided reasonably good accuracy with the absolute difference less than 1.0 kWh/(m 2 ·a) (Figure 7b) . Thus, the splitting into two cooling energy components is not needed.
Heating, Cooling and Lighting Normalization Factor
The results in Figure 5 represent the situation where the same insulation thickness is considered to be used in all climates (EU na cases). This evidently leads to over-insulating in the warmer climates of France and Belgium that makes the degree day method not useful for the comparison of buildings in strongly different climates. To overcome this problem, EU cases with economic insulation thickness were simulated.
The actual results in all countries (EU, without any correction) can be seen in Figure 9 , where the space heating need has significantly increased in France and Belgium, but is still smaller than in Estonia and Finland. However, in these cases the same cost-benefit justified economic effort has been done in insulation, which allows to consider that energy performance should be equal in all countries.
The summary of all climate normalization factors of Sections 4.2 and 4.3 is shown in Table 8 . Normalization factors represent the ratio (DD re f /DD j ) in Equation (11) . These factors may be used to obtain the energy needs for space heating, cooling and lighting in another country. For instance, if solar-air based factor is used to compare a Finnish building with the reference Estonian building, the Finnish space heating need should be multiplied by a factor of 0.95. For a French building, space heating need needs to be multiplied by 2.55. These factors apply with the same insulation in all countries except the space heating ratio, which considers economic insulation.
The space heating need ratio relative to the reference of Estonia was calculated for all countries with Equation (12) as an informative value without any specific application. These values just show how much space heating needs are smaller in warmer climate, if economic insulation is applied. It is important to note that these informative space heating need ratios are building specific, in principle those apply for the reference building only and this study cannot provide information how they may be generalized for other buildings. To generalize, the method needs to be tested with larger sample of buildings that is out of the scope of this study. This is the major difference to the normalization factors, which were calculated from climate files with the base temperature that was the only building specific parameter.
EU na simulations for NZEB showed the lighting electricity differences with daylight control and dimmable LEDs for simulated climates that is also a building specific result applying only for the studied reference building. Space heating need ratio in the case of economic insulation thickness (Equation (12) 
Impact of National Input Values on Energy Use
The input values of building operation, indoor climate and loads such as ventilation rate, system operation hours, temperature set points, installed lighting power, appliances, occupancy rate, etc. may play a crucial role in simulated energy use. The national input values from Table 5 were used in simulations to show the difference between EU and NAT cases (Figure 8 ).
For EU cases the variation of space heating and cooling is caused due to the climate variation. In Finland and Estonia only small changes can be seen, therefore input data of those countries is similar with the standard one. In France and Belgium, the national input values have caused remarkable changes in delivered energy. This is because the lower ventilation rate, shorter operation hour and different installed lighting and appliances power, which follow the French and Brussels capital regulation. Generally, it can be seen that national input data has caused more difference than the climate. 
Ambition of National NZEB Requirements
The NAT cases of all countries have economic insulation thickness as well as input values according to national regulation. The delivered energy reported in Figure 8 does not show the compliance with energy performance requirements because the requirements are for primary energy and PE factors are to be applied. PE use in office buildings for NAT cases are shown in Figure 9 . 
The NAT cases of all countries have economic insulation thickness as well as input values according to national regulation. The delivered energy reported in Figure 8 does not show the compliance with energy performance requirements because the requirements are for primary energy and PE factors are to be applied. PE use in office buildings for NAT cases are shown in Figure 9 . DH refers to district heating, GB to gas boiler and Req. to minimum energy performance requirement in 2016 and 2021. In Figure 9b , onsite electricity production from the photovoltaic panel (PV) is marked with negative values. This PV production has to be deducted from positive values in order to obtain the primary energy value, which can be compared with the requirement. With 2016 regulation (Table 1) , all buildings fulfilled the national requirement except Belgium Brussels office building with district heating due to very high primary energy factor 2.0 for DH (Table 2 ). In case of Estonian office building, the calculated PE is closest to the national requirement and the building just fulfills the requirement. The PE use in Finnish and French buildings is much lower indicating that national requirement is less strict.
The onsite PV was introduced to fulfill the NZEB requirements (Table 1 ). Due to the very strict primary energy requirement, onsite electricity production from PV panel was needed to fulfill the national requirement (Table 1 ). The Estonian NZEB requirement appeared the strictest one among the other building regulations as the Estonian building with a DH system just fulfilled the NZEB requirements whereas a building with GB needed to increase the onsite electricity production (PV panel area from 213 to 266 m 2 ) to fulfill the NZEB requirements. For the other countries primary energy values were lower than the requirements, therefore, it was possible to change some building and system parameters in order to achieve closer compliance with NZEB requirement. The following changes were made:

In Finland, Brussels and France the PV system was removed;  In Finland the NZEB level was targeted with DH and in Brussels with a GB system, which are common heating solutions in these countries (due to lower primary energy factors these allow the use of more delivered energy);  In Finland, 2016 building insulation, specific fan power, heat recovery efficiency, and glazing U value 1.4 W/m 2 ·K were applied;  In Brussels and France, even less insulation was used, the U value of external walls, roof and windows were changed to 0.6 W/m 2 ·K, 0.4 W/m 2 ·K and 2.0 W/m 2 ·K, respectively. For specific fan power and heat recovery efficiency, 2016 values were used;  In France, additionally daylight control of lighting was removed.
The results after all these changes are shown in Figure 10 . It can be seen that the Finnish NZEB requirement can be considered the second strictest after Estonia, because the result in Figure 9 is closer to the requirement than that in Brussels and less changes was needed for the closer compliance than in Brussels and France, Figure 10 . The French NZEB regulation appeared the least strict as it allowed the use of lighting with no daylight control. DH refers to district heating, GB to gas boiler and Req. to minimum energy performance requirement in 2016 and 2021. In Figure 9b , onsite electricity production from the photovoltaic panel (PV) is marked with negative values. This PV production has to be deducted from positive values in order to obtain the primary energy value, which can be compared with the requirement. With 2016 regulation (Table 1) , all buildings fulfilled the national requirement except Belgium Brussels office building with district heating due to very high primary energy factor 2.0 for DH (Table 2 ). In case of Estonian office building, the calculated PE is closest to the national requirement and the building just fulfills the requirement. The PE use in Finnish and French buildings is much lower indicating that national requirement is less strict.
The onsite PV was introduced to fulfill the NZEB requirements (Table 1 ). Due to the very strict primary energy requirement, onsite electricity production from PV panel was needed to fulfill the national requirement ( Table 1 ). The Estonian NZEB requirement appeared the strictest one among the other building regulations as the Estonian building with a DH system just fulfilled the NZEB requirements whereas a building with GB needed to increase the onsite electricity production (PV panel area from 213 to 266 m 2 ) to fulfill the NZEB requirements. For the other countries primary energy values were lower than the requirements, therefore, it was possible to change some building and system parameters in order to achieve closer compliance with NZEB requirement. The following changes were made:
•
In Finland, Brussels and France the PV system was removed; • In Finland the NZEB level was targeted with DH and in Brussels with a GB system, which are common heating solutions in these countries (due to lower primary energy factors these allow the use of more delivered energy); The results after all these changes are shown in Figure 10 . It can be seen that the Finnish NZEB requirement can be considered the second strictest after Estonia, because the result in Figure 9 is closer to the requirement than that in Brussels and less changes was needed for the closer compliance than in Brussels and France, Figure 10 . The French NZEB regulation appeared the least strict as it allowed the use of lighting with no daylight control. Figure 10 represents buildings with technical solutions, which comply with less than 10% safety margin with the national NZEB requirements. Therefore, with these technical solutions the compliance of national NZEB requirements with EC recommendations (Table 3) can be analyzed by conducting simulations with EU energy calculation input data and primary energy factors (Table 5 ). Figure 11 shows the result calculated with prEN 16798-1 energy calculation input data and ISO 52000-1:2017 primary energy factors. While in the case of Estonia, France and Brussels the changes remained relatively small and appeared in both directions, the Finnish PE value was remarkably increased and is roughly by factor 2 higher than EC recommendation, which applies for the French PE value as well. This is evidently caused by the small Finnish primary energy factors revealing that the direct comparison done in Figure 2 is not working. 
Conclusions
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This study developed two energy performance climate correction methods enabling one to compare the energy performance of buildings located in different climates. The proposed normalization factors allow one to "move" a building from one climate to another with corresponding changes in space heating, cooling and electric lighting needs. However, normalization factors are limited to the same thermal insulation. To contrast the national energy performance requirements with realistic insulation, an economic insulation method with a reference building was developed. To perform the comparison, a reference office building with economic insulation thickness and otherwise with the same technical solution was simulated with national input data. The technical solutions were selected so that the building complied with the requirements in one country. Primary energy values simulated with national input data were then compared with national requirements in other countries, and if a gap existed, the technical solutions were changed to minimize the gap. The requirement of the country corresponding to the technical solutions with highest performance level express the strictest NZEB level. Generally, in the Central and North Europe comparison, national input data caused much more differences than the climate. When comparing national NZEB requirements with European Commission recommendations, a direct comparison did not work, but the building complying with national NZEB requirement was needed to simulate with prEN 16798-1 energy calculation input data and ISO 52000-1:2017 primary energy factors which remarkably changed the results. The following conclusions can be drawn:
•
Normalization factors based on solar-air temperature degree days achieved 5% accuracy in space heating need normalization, but had a limitation of the same insulation thickness in both climates under comparison. To overcome this limitation, an economic insulation thickness concept was introduced. This method requires energy simulation for comparison, whereas degree days based factors calculated from climate files can be directly applied.
• Dry-bulb air temperature based cooling degree days were trustworthy to estimate the cooling need, and it was also noticed that cooling needs were reasonably low in all NZEB in the studied Central and North European climates.
To avoid the use of building-specific data and simulations, i.e., to operate only with climate files and estimated base temperature, a dry-bulb air temperature-based heating degree days provides a reasonable compromise for space heating need normalization as the differences shown in Table 8 remain acceptable for many practical applications.
The application of economic insulation thickness to the reference office building and simulations with national input data made it possible to contrast the ambition of NZEB requirements. The energy use changes caused by the differences in national input data generally revealed to be more significant than differences caused by climate, making simple comparison of NZEB requirements impossible.
The Estonian NZEB requirement for office buildings was revealed to be the strictest one, followed by Finnish, Belgium Brussels capital region and French requirements. The Estonian NZEB requirement was also the only one complying with the European Commission recommendations.
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